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T TrxAXmS AND THEIR USE 

vifAA nf the Invention 

This invention relates to new bidentate phosphines, phosphonite, phosphonous 
diamide and phosphonoamidite ligands having a p-cyclophane backbone, precursors 
5 thereof and their use as Ugands for transition metal-catalysed asymmetric reactions, 
notably rhodium, iridium and ruthenium-catalysed hydrogenation of double bonds. 

Baclfp;round of the Invention 

At the heart of most asymmetriccatalytic synthesis is the use of catalysts based on 

a transition metal surrounded by appropriate chiral, enantiomerically enriched, organic 
10 Ugands. Bidentate chiral phosphines (phosphorus m compounds vath-three C-P bonds) 
are the most widely used class of Ugands, finding appUcations in a range of asymmetric 
reactions (R. Noyori, Asymmetric Catalysis in Organic Synthesis, John Wiley & Sons, 
1994; N. Jacobsen, A. Pfaltz, H Yamamoto edHors, Comprehensive Asymmetric 
Cato/^'WJ, Springer, 1999). Asymmetric catalytic hydrogenationhasaparticularindus^ 

15 relevance because of its high efficiency and reduced environmental impact. 

It hasrecentiy been shownthatsomeoftiie results obtained witiiphosphines-based 

catalysts can be matched by tiie use ofcomplexes where the phosphane ligands have been 
replaced by phosphonites (two P-0 bonds and one P-C bond, Reetz et al, Cham. 
Cotmmm. 1998, 2077). phosphine-phosphonites (Reetz etal. Tetrahedron: Asymmetry 
20 1999, 2129) or phosphoramidites (two P-N and one P-O bond, Feringa et al, J. Am. 
Chem. Soc. 2000, 11539). Chiral monodentate phosphonites (Pringle et al, Chem. 
Commun. 2000, 961; Reetz etal, Tetrahedron Lett. 2000, 6333) and mono-phosphites 
(three P-0 bonds, MT. Reetz et al, Angew. Chem. Int. Ed 2000, 3889) were often as 
effective as the analogous bidentate Ugands. The above Ugands often have the advantage 

25 of being easier and cheaper to prepare than the correspondmg diphosphines. 

Chiralbidentate phosphonites are disclosed in WO-00/14096 andUS-A-5817850. 
They are composed of three building blocks, i.e. an achiral carbon backbone (1,1'- 
disubstituted ferrocene, l,2-disubstitutedethane)joiningthetwo phosphorus atoms; and 
two chiral units derived from a chiral diol to form the P-heteroatom bonds. Examples of 

30 this dass of Ugands are described by Reetz etal, Chem. Commm. 1998. 2077). 

Some phosphorus diamide Ugands have been reported, and their complexes have 
been demonstrated to be useful in hydroformiiation reactions and aUyUc substitiitions 
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(WiUs et al, J.Org.Chem. 1999, 9735; Spilling et al Tetrahedron 1998, J< 10513; 
Tetrahedron: Asymmetry 1998, 927; Knochel etal. Tetrahedron: Asymmetry 1997, 987), 

[2.2]-/?-Cyclophane derivatives bearing two identical substituents at so-called 
pseudo-or^/ia positions (4- and 12-positions; abbreviated as psorthd) possess planar 
chirality. The successful diphosphine ligand PhanePhos (Pye et al, J. Am, Chem. Soc. 
1997, 6207; WO 97/47632), is based on this skeleton. 
Snmniar v of the Invmtion 

According to one aspect of the present invention, a novel compound is ps-ortho- 
diphosphino-[2.2]-/7-cyclophane (1) 




15 

This compound is useful as a general intermediate that allows ready access to a 
range of cyclic phosphine ligands having application in asymmetric catalysis. Preferably, 
compound (1) is enriched to at least 80% ee in the enantiomer depicted (S) or in the 
opposite enantiomer (R). More preferably, it is enriched to 95% ee, or higher. Compound 

20 (1) may be prepared usmg the tetrachloro analogue described below as compound 4d. 

Further, it has now been appreciated that by combming the structural features of 
PhanePhos ligands (the chiral backbone) with either DuPHOS or FerroTANE ligands 
(phosphine atoms m 4- or 5-membered saturated ring) hybrid ligands represented by 
general formulae (2) and (3) can be envisaged, wherein and represent H or alkyl and 

25 n is 1 or 2. To date, no ligand of this type has been described in the literature. Importantly, 
the presence of a chiral backbone allows a flexible approach to ligand design, smce the 
cyclic phosphme units may either be chiral (e.g. R^ = methyl, R^ = H or vice versa), 
allowing catalyst tuning through a "matched" diastereomeric pairing, or achiral (e.g. R^ 
= R2 =H), allowing construction from mexpensive diols of the type H0-(CH2)a-0H. It 

30 cannot be readily predicted which of ligands (2) and (3) will have industrial utility and, in 
order for this to be assessed systematically through screening experiments, the availability 
of a range of such ligands is required. To date, access to these ligands has been limited by 
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the non-availabiUty of suitable precursors. Through the provision of compound (1). this 
iraiitation no longer applies. 



10 




(2) n=l 

(3) n = 2 



According to another aspect, this invention is based on investigation of chiral 
phosphonites and phosphorus dianudes, ligands having a chiral backbone. Based on the 
p.^;t;,.disubstit«ted[2.2].p-cyclophaneskeleton,anewcla^ 

formula 4 




I Y YJZ W = O* 4a ;?-cyclophane-phosphonites 

VYz!w = N: 4b/?-cyclophane-phosphorus-amides 
X.Z ='0 YW=N- 4c/7-cyclophane-phosphonoamidite 
XY,Z,W = a: 4dbis(dichlorophosphino)-i?-cyclophane 
X, Y^Z^W = H: see formula 1 

15 Themostconvenientsynthesisofcompounds4a-cisbasedonther^ctionof/«- 
.;.;.a.bis(dichlorophosphmo>;^cydophane 4d with the appropriate corrugate base pre- 
generatedfromadiol, dian^e. anrino-alcohol. alcohol or amine. Altemath^dy. compound 
4d can be reacted with the appropriate diol. diamine, alcoholor amine in the presence of 
stoichiometric or catalytic amounts of a suitable base, for example a tertiary amme. 

20 Compound4dcanbeobtainedfromtheeasilyaccessibleprecursor(S>p.^/tto.dft^^^^^ 
p^clophane(5)(D.LCrame/a/,J.^m.C;.«..5oc. 1969.3527) Wadi^ents^^^ 



routes. 



Theease of preparationofcompounds4a.c and thereadyavailabiUtyofthe dioxo 

and diamido buUding blocks allows the generation of an unprecedented range of 
25 modificationsbasedon1hepK;yclophanebacld,one.Inaddition.theuseofchiralchelatm^ 

dialkoxo and di-amido subsdtuents can enhance the chiraHty tnmsfer in the catalytic 
processbymeamofamatchmge^ofthechiralityofthebackboneandthechirahtyrf 
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the heteroatom units. The use of mono-dentate alkoxo and amido ligands produces more 
flexible ligands that can complement the more rigid and sterically congested dialkoxo/di- 
amido ligands, Chiral phosphonites derived from monodentate alcohols or amines are 
completely unprecedented. 
5 Chiral di-phosphonites and phosphorus diamides based on the ps-ortho 

disubstituted /T-cydophane skeleton are good ligands for transition metals, notably 
rhodium, iridium and ruthenium. Compounds 6-8 are specific examples of the above 
mentioned complexes. 

[(4a-c)Rh(C0D)]BF4 6a-c 
[(4a-c)lr(COD)]BF4 7a-c 
(4a-c)Ru(diamine)G2 S^-c 



Using the most bulky chiral dialkoxo substituents, a very strong 
15 matching/mismatching effect was found in the formation of the metal complexes. 
Complexes 6-8 act as highly efficient catalysts for asymmetric reactions, notably 
asymmetric hydrogenation. They may also be used for asymmetric hydroformylation. 

In particular, high levels of stereosdection are induced by rhodium complexes 6a 
of/7-cyclophane phosphonites in the hydrogenation of dehydroanoinoacids. These results 
20 match and in certain applications surpass the results reported for the known rhodium- 
phosphonites systems. Surprisingly, better results than in the literature are obtained m 
protic solvents; aprotic solvents give a noticeable increase in selectivity. 

Further, the ruthenium complexes 8a ofp-cyclophane-phosphonite 4a and a chiral 
diamine catalyse the reduction of non functionalised ketones and imines. While it is known 
25 that the reduction of ketones is catalysed by phosphme-ruthenium-diamine complexes 
(Noyori and Ohkuma, Angew.ChemJntEd, 2001, 40), the results here presented are 
unprecedented. 

De?scri ption of Preferred Embodiments 

Compounds 4 of the invention may be prepared from enantiomerically pure ps-^ 
30 ortto-dihalogen-p-cyclophane 5 (X=Br). Phosphonites 4a can be obtained by direct 
metalation of 5 with a strong organometallic base and reaction with the appropriate 
chloro-phosphonite 9 (Scheme 1). An alternative and more convenient procedure involves 
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the reaction of the novel intennediatep5^rtto-bis(dicWoro-phosphmo).iK^^^^ 4d 
with the appropriate alcohol or did or thdr metal bases (also in Scheme 1). 



Scheme 1 



10 




dL^ 4d 




Compound 4d was found to beaconvenient general intermediate, easy to prepare 
and to handle. ItisbestpreparedbymetalatingthedibromocompoundS(X=Br), followed 
by quenching with a chloro-phosphorus-diamide 10 such as, for example. ClP(NMe^, or 
15 CiPa-Pr,N), (Scheme 2). Compounds 4b (R=Me. /-Pr) are transformed iifto compound 
4d by treating them with an HCl solution (Et,0 or any other convenient solvent), either 
generated in situ or preformed (again, see Scheme 2). 



20 



25 



Scheme 2 




l.base 




30 



Br 2.(R2N)2PC110 
5 4b 



It is also possible to react compound 4b (R=Me. /-Pr) directly with a diol in 
presence of an appropriate base to produce phosphonites 4a (Buono et al, Synlett 1998, 
49; vanBoom et al. Tetrahedron Lett. 2000, 8635 - Scheme 3). The same procedure can 
be'applied to the preparation of compounds 4b-c by reaction with an appropriate diamine 
or aminoalcohol. 
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Scheme 3 



5 




It has been found that the reaction of 4d with the conjugate base of a number of 
1 0 diols and alcohols proceeds smoothly at room temperature to provide the corresponding 
pbosphonites 4a in good yields. All of them are relatively insoluble in MeOH and can be 
isolated from the reaction crude simply by removing the reaction solvent and washing with 
MeOH (the salts generated in the reaction being soluble in MeOH). Specific examples of 
compounds 4a are those were prepared from the alkoxo and di*alkoxo units 11-21, of 
15 which 11, 20 and 21 are achiral entities. 
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Examples Of compounds 4b and 4cwerepreparedrespectivelyfromdianud^ 
22-25 and alkoxo-amido units 26-27. 

2A 25 27 29 

mcompounds 4c, the fact that the phosphorus atombecomesastereogeniccenter 
5 ^ghtproducethefomationofamixtureof diastereoisomers-Neverthdess, spectroscopic 

evidences indicate that phosphonoamidite 4c/23 is formed as smgle diastereoisomer 
(Example 13). Compounds4b/28 and 4b/29we prepared as precursorsforthesynthesis 

of key intermediate 5. Compound 4d is also a very convenient intermediate for the 
synthesis of the diphosphine 1. by reduction with any of various reducing agents ^ch as 

10 Red-AlorLiAIH,. 

Compotmds 4a.c were found to be good Ugands for transition metals (notably 
rhodium, iridium, ruthenium). The metal complexes 6a-c. Ta-c and Sa-c we generated 
according to standard procedures by reacting precursors such as [(COD)^]BF, and 
[(COD),Ir]BF,, [(benzene)RuCy, Other suitable metal-containing precursors can be 
15 used according to the procedures known to those skilled in the art. 

' Unexpectedly, when phosphonites 4a/14 and 4a/15. bearing the most bulky 
dialkoxosubstituentsareused.avery strong matching/mismatching effect is found inthe 

formation of the metal complexes. Only the Ugand derived from (i?)-15 and (5)-4d gave 
the desired Rh complex. The ligand derived from (5).14 and (5)-4d did not react with 
20 [(C0D)^1BF, This allows lie use of the Hgand as a diastereoisomeric mixture, 
selectively forming the metal complex derived from the matching (S>4a/(K>15 
diasteroisomer. Conveniently a 1:1 mixture of 14 and 15 (racemic diol) may be used to 
prepare the said diastereoisomeric mixture. Alternatively, enantiomerically pure 14 or 15 
can be combined with racemic 5. 
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The rhodium cxDmplexes 6a of phosphonites 4a display high activity and selectivity 
in the hydrogenation of dehydroaminoacids. These results match any other result reported 
for the known rhodium-phosphonites systems. Surprisingly, better results than in the 
literature (Reetz et al, Tetrahedron Asymmetry 1 999, 2 1 29) are obtained in protic solvents 
5 (e.g. MeOBT); the use of aprotic solvents (e.g. toluene) produces a slight increase m 
selectivity. The stability of the catalysts in protic solvents (e.g. MeOH or MeOH/HzO) 
mcreases the potential utility in the hydrogenation of molecules of pharmaceutical interest, 
which are often polar and water-soluble molecules. 

The ruthenium complexes 8a containing ligands 4a and a chiral diamine such as 
10 DPEN (l,2-diphenyH,2-ethanediamine) catalyse the reduction of non-ftmctionalised 
ketones and imines. The asymmetric reduction of imines is particularly important since 
only a few catalysts are knovwi to eflSciently promote this transformation. 

The following Examples illustrate the invention. Examples 1 to 14 show the 
synthesis of the ligand precursors and ligands (Examples 3 and 4 illustrate alternative 
15 procedures, to ^ve the same product). Examples 15 and 16 show the synthesis of 
complexes. Examples 17 to 22 are of hydrogenation. Example 23 relates to compound 
1. 

Example 1 : (SVDS'<>rtho-'&^^ (S)-Ahlli 
f2J>-/?j-or/*o-Dibromo-jp-cyclophane (1.098 g, 3 mmol) was placed in a Schlenk 

20 flask under nitrogen atmosphere and dissolved in anhydrous EtjO (40 mL). The solution 
was then cooled to ~78^C in a dry ice/ethanol bath, A pentane solution of r-BuLi (1,7 M, 
7,1 mL, 12 mmol) was added dropwise over five minutes. The reaction was stirred at 
-78°C for 1 hour while PCNMe2)3 was placed in a Schlenk flask under nitrogen atmosphere 
and PCI3 was slowly added at room temperature. The rate of addition was such that 

25 internal temperature did not raise above 30**C. The reaction was then diluted with 
anhydrous EtjO (10 mL) and stirred at room temperature for 30 minutes. The p- 
cyclophane lithium dianion solution was removed firom the cooling bath and immediately 
quenched with the solution of ClP(NMe2)2. The reaction was diluted with more EtjO (1 5 
mL) and allowed to reach room temperature over 30 minutes. Silica gel (~ 5 mL) was 

30 added and the reaction was stirred for further 20 minutes, then filtered over a sintered 
glass filter, under nitrogen atmosphere. The resulting clear colourless solution was 
evaporated under reduced pressure. The solid residue was redissolved in Et20 (10 mL) 
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and added to MeOH (10 mL). Vacuum was appUed to remove Et,0 and a white solid 
precipitated. Tht soM was allowed to settle and the supernatant solution was removed, 
the solid was washed with more MeOH (10 mL) and dried under vacuum (0.52 g, 39 % 
yield). The mother Uquors were evaporated to dryness and the soUd residue was treated 
as ahove with Et,0 (5 mL) and MeOH (5 mL) to produce a second crop of product 
(overallyidd:74%,whitecrystallinepowder). -pm4R(162MHz, QD,): 120.3 ppm. 
xp^^^ pi. 9- (.^■„.^ w^^i.u p.;.rHi.,-nrot.rhmino>phosphino1-f? ? 1-p-ovclophane (5)- 



10 



15 



20 



25 



4b/29 



30 



(S)-ps-ortho-mvomo-p^dovimo (0. 82 g, 2.24 mmol) was placed in a Schlenk 
flask under nitrogen atmosphere and dissolved in anhydrous Et,0 (30 mL). The solution 
was then cooled to -78»C in a dry ice/ethanol bath. A peotane solution of <-BuLi (1 .7 M, 
5.4 mL, 9.2 mmol) was added dropwise over five minutes. iTie reaction was stirred at 
-TSOC for 10 minutes, then the cooling bath was removed and the reaction stirred for 
further 40 minutes. SoUd 0-PrN)^Cl (1.25 g, 4.68 mmol) was added in one portion and 
the reaction was stirred at room temperature for 30 minutes. Anhydrous MeOH (1 5 mL) 
was added. Et,0 was removed under reduced pressure. The white solid that precipitated 
out of solution was coUected on a sinthered glass filter under nitrogen and dried under 
vacuum (1 .26 g. 84% yield). '^PmiR(162MHz. W 86.1 ppm. 
T7^.Tn pl^ V^^-p c-^fen-hisfdtehlor>^^''" T^'^""^f2.2^-f>-ovc1ophane f5)-4d 

(5)./»j^rto-bisIbis(dunethylamino)phosphino]-[2.2]-i?-cyclophane (3.6 g. 8.1 
mmol) was suspended in anhydrousEt^O (300 mL). The suspension was cooledto-78T 

in a dry ice/ethanol bath and anhydrous HCl was bubbled through the reaction to saturate 
it. The reaction was then allowed to warm up to room temperature over 1.5 hours. 
Nitrogen was bubbled through the reaction for 30 minutes. The salts were removed by 
filtration over a sintered glass filter mider nitrogen. The sohrent was evaporated; the soUd 
white residue was washed with pentane (5 mL) and dried under vacuum to give the 
productasawhitepowder(2.07g,62%yield).-PmiR(162MHz.CDCl3): 169.2ppm. 
Pv.«, p1ft 4: r;?Vrc-nrffen.hisfdichlo r^rh» Thi""V''2.21-P-ovclophane (^-4d 

A solution of HCl in Et^O (2M. 50 mL, 100 mmol) was added to soHd {S)-ps- 
<,rt/io.bis[bis(diw-propylamino)phosphino]-[2.2].^^^^^ (2.76 g, 4.12 mmol) at 
room temperature, under stirring. The reaction was stirred at room temperature for 18 
hours, thenthe solvent was removed andthe soUd residue was suspended in Et,0 (50 mL). 
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Salts were removed by filtration. The solvent was removed, EtjO (20 mL) and hexane (40 
mL) were added and the resultmg cloudy solution was filtered. The solvent was removed, 
hexane was added (60 mL), the reaction was heated to 70°C for 10 minutes, then the 
resulting cloudy solution was filtered to give a clear solution. The solvent was evaporated 
5 leaving the product as a white powder (0.95 g, 56% yield). ^^P NMR (162 MHz, CDCI3): 
169.2 ppm. 

Example 5: (i?^-jyj-Qr^/zQ-bisf5.7-6-phosphadibenzo|'a.c]cvclohepten-6-vl)-r2.21-p- 
cvclophane (S)-4sJll 

w-BuLi (2.5 M in hexane, 1.64 mL, 4.1 mmol) was added to a solution of 2,2*- 

10 biphenol (373 mg, 2 mmol) in anhydrous THF (15 mL). The reaction was stirred for 40 
minutes at room temperature, then the solution was added dropwise to a solution of (iS)- 
jP5-<?ft/ro-bis(dichlorophosphino)-[2.2]-;?-cyclophane 4d (410 mg, 1 mmol) in anhydrous 
THF (20 mL). The reaction was stirred at room temperature for 1 hour, then it was 
quenched by adding MeOH (ImL). The solvent was removed under vacuum, anhydrous 

1 5 MeOH was added (10 mL) . The resulting suspension was stirred for 1 0 minutes, then the 
solid was allowed to settle and the supernatant solution was removed. The procedure was 
repeated twice (2x 5 mL MeOH), then the white solid residue was dried imd^ vaccum 
(438 mg, 69% yield).^'P NMR (162 MHz, CDCI3): 194.2 ppm. 
Example 6: fjy>«pj-Qr//iQ-bis(fJ?V3.S-dioxa-4-phosphacvcloheptaf2.1-a:3.4- 

20 flr''|dmaphthalen-4-vl)-r2.2')-p-cvclophaneriSl-4a/13 

n-BuLi (2.5 M in h^cane, 0.82 mL, 2.05 namol) was added to a solution of (R)- 
BINOL (286 mg, 1 mmol) m anhydrous THF (10 mL). The reaction was stirred for 30 
minutes at room temperature, then the solution was added dropwise to a solution of (iS)- 
p5-or/Ac?-bis(dichlorophosphino)-[2.2]-;7-cyclophane 4d (205 mg, 0.5 mmol) in anhydrous 

25 THF (15 mL). The reaction was stirred at room temperature for 30 minutes, then it was 
quenched by adding MeOH (2 mL). The solvent was concentrated under vacuum to about 
2 mL, thm anhydrous MeOH was added (10 mL). The resulting suspension was stirred 
for 1 0 minutes, the solid was allowed to settle and the supernatant solution was removed. 
The solid was washed with more MeOH following the same procedure (5 mL MeOH), 

30 then the white solid residue was dried under vacuum (200 mg, 48% yield). ^^P NMR (1 62 
MHz, CfiDg): 217.6 ppm. 



PCT/GB02/00219 

WO 02/057278 

11 

p^,»,pU7- (■?>>.p.c.»rf/»o.b i»/r.yvrS-dioxn-4-phosphacYr.1oheptar2,l-fl;3,4- 
^'-)^;n^ phth;,1ftn-4.vn.r2.?1-r7-cvc1ophane( .y)-4a/12. 

■ w-BuLi (2.5 M in hexane, 0.82 iriL, 2.05 nunol) was added to a solution of (5)- 
BINOL (286 mg. 1 mmol) in anhydrous THF (10 niL). The reaction was stirred for 30 
5 „unutesatroomtemperature,thenthesohitionwasadded dropwise to a solution of (Sy 
;,5-or/to-bis(didilorophosphinoH2.2]-i.-q^oph^^ 

IHF (1 5 mL). The reaction was stirred at room temperature for 30 minutes, then it was 
quenchedby addingMeOH(2 mL). The solvent was concentratedundervacuumto about 
2 mL, then anhydrous MeOH was added (20 mL). The resulting suspension was stilted 
10 for 10 minutes, the solid was allowed to settle and the supernatant solution was removed. 
The white soUd residue was dried under vacuum (300 mg, 72% yield). NMR (162 
MHz, CA): 203.8 ppm. 

i.v.n, pl« R- (SU>s-nrfhn.h^^((RVd\.t.h^ r* yU^ 9. 1 01 1 -tetramethv1-S 7-dioxa-6-phospha- 
,<iWx>rfl.c1cvcl^^'^ptftn-6-vn-r2 71-p-r,vo1ophane (5)-4a/15 

15 w-BuLi (2.5 M in hexane, 0.82 mL, 2.05 mmol) was added to a solution of (i?)- 

3,3'-/-butyl-5,5',6,6'-dimethyl-2,2'-biphenol (286 mg, 1 mmol) in anhydrous THF (10 
mL). The reaction was stirred for 1 hour at 450C minutes, then the solution was added 
dropwise over 40 mimites to a solution of (5)-i;5-ort;io-bis(dichlorophosphino)-[2.2]-iJ- 
cyclophane 4d (205 mg. 0.5 mmol) in anhydrous THF (20 mL) heated at 45'>C. The 

20 reaction was stirred at 55»C for 1.5 hours, the solvent was concentratedundervacuumto 
about 2 mL, then anhydrous MeOH was added (10 mL). The resulting suspension was 
stirred for 10 minutes, the soM was allowed to settle and the supernatant solution was 
removed. The soUd was washed with more MeOH following the same procedure (5 mL 
MeOH), then the white soUd residue was dried under vacuum (257 mg, 53% yield). 

25 NMR (162 MHz, CA)" 188.6 ppm. 

Q- f.y^.p.nr^/,o-bisff ^-Hi.^-hntv1-1 2 in n-tetratnethvl-57-dioxa-6-phospha- 

AH^-r^\^ r.] nvdohepten -fi-y1)-r2 21-p-cvclnphane (^-4a/14 

/i-BuLi (2.5 M in hexane, 0.82 mL, 2.05 mmol) was added to a solution of (5)- 
3.3'-f-butyl-5,5',6.6'-dimethyl-2,2'-biphenol (355 mg. 1 mmol) in anhydrous THF (10 
30 n^L). The reaction was stiired for 1 hour at SO'C minutes, then the solution was added 
dropwise over 1 hour to a solution of (5)-p5-ortto-bis(dichlorophosphmo)-[2.2]-/?- 
cydophane 4d (205 mg, 0.5 mmol) in anhydrous THF (20 mL) heated at 45''C. The 
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reaction was stirred at 55°C for 1 hour, the solvent was concentrated under vacuum to 
about 2 mL, then anhydrous MeOH was added (15 mL). The resulting suspension was 
stirred for 10 mmutes, the solid was allowed to settle and the supernatant solution was 
removed. The soUd was washed with more MeOH following the same procedure (2x15 
5 mL MeOH), then the white solid residue was dried under vacuum (235 mg, 48% yield). 
^^P NMR (162 MHz, Cfi^: 180,9 ppm. 

Exam ple 10: (iS^-p^-or^AQ-bisrdif2,6-dunethvlphenoxvVphosphin^ 

n-BuLi (2.5 M m hexane, 0.32 mL, 0.8 mmol) was added to a solution of 2,6- 
10 dimethylphenol (98 mg, 0.8 mmol) in anhydrous THF (5 mL). The reaction was stirred at 
room temperature for 15 mmutes, then the sohition was added to a sohxtion of (iS)-/?5- 
or^/?o-bis(dichlorophosphino)-[2.2]-/?-cyclophane 4d (73 mg, 0.18 mmol) in anhydrous 
THF (5 mL). The reaction was stirred at room temperature for 30 minutes, then the 
solvent was evaporated. EtjO (15 mL) and SiOi (--'2 mL) were added and the reaction was 
15 filtered to get a clear solution. The solvent was concentrated to ImL and anhydrous 
MeOH (2 mL) was added. The resulting suspension was stirred for 10 minutes, the solid 
was allowed to settie and the supernatant solution was removed. The resulting white solid 
residuewas dried under vacuum (yield not calculated). ^^PNMR(162MHz, C^g): 186.3 
ppm. 

20 F-ygmi ple 11: f5^-p^-^rr/?(>bisrdif2-naphthoxv)phosphinol-r2.21-/?-cvclophm^ 

f2^-/7j-ortAo-Dibromo-/?-cyclophane (366 mg, 1 mmol) was placed in a Schlenk 
flask under nitrogen atmosphere and dissolved in anhydrous EtjO (30 mL). The 
solution was then cooled to -78°C in a dry ice/ethanol bath. A pentane solution of 
BuLi (L5 M, 2.75 mL, 4.1 mmol) was added dropwise. The cooling bath was removed 

25 and the reaction was allowed to warm up. After 30 minutes a solution of 0,0'-bis(2- 
naphthyl)chlor6phosphme (775 mg, 2.2 mmol) inEtjO (10 mL) was added. The reaction 
was stirred at room temperature for further 90 minutes, then quenched with anhydrous 
MeOH (1 mL). The solvent was evaporated and the solid residue was re-dissolved in 
anhydrous EtjO (10 mL) and MeOH (10 mL). The solvent was concentrated xmder 

30 reduced pressure to ^-5 mL and the resulting v^te precipitate was allowed to settie. The 
supernatant solution was removed. The solid was washed with more MeOH (10 mL) 
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foUo^thesa.eprocedure.thenthewMtesoHdresiduewasdriedun^^ 
ing,33% yield). '»PNMR(162MHz,W.178.0ppm. 

;rBuLi(2.5Mmh«a«e.0.4SmL.Un»nol)wasadded«>asolu«onof(«,5S) 

The «.M washed with more MeOH Mowing fl« procedure (3 mL) and 4e 
Ilthdresid^wasdHedunder — (,ie.d».ca.c*ed).''PI^(~ 

^^^Wjl^ to hexa,*. 0.84 mL, 2.1 nnwl) was added .o a solufoa of (S)- 
„„«„„1 (10« -ft 1.05 »mol) to ^iydroua THF (10 nO.) a. -78-C. The r«cdon was 
Lredat-TS^ «„,„™^.h».hesoh«ionwa,added.asoh.«onof(5>^^^ 
,KdicMoraphosphtooH2^1^«ydaph..«4d(205,,^0.5^I)manhydroulW 
U The reaction was ^irr^d a. roo„ tenrpera^ 1 hour, then .he solvent was 
^..ed. Anhydrona THF (1 ni.) and MeOH (15 mL, were a^ The re^ 
Il,onwasst.Ted*>rl0^theso«dw.sa«owedtosetdeand.he.p»a.^ 

„ :^lre„»ved.ThesoUdwasw.shedwithn..^«>H(5n.)«o^U-^^ 
p.cedure..hen.hewhitesoMresi*«wasdriednnderv.»nn(100n*45y.„e.d). P 

JMR (162 MHz, CBOs): 159.0 ppm. 

I ,^;,..dian«.CCloh«cane)(155mg, U ^oD in anhydrous THF (6 toL).n^ 
,tade;predsoh«io.wass.irredf6rlhonratroom.en.perature(precipi.a..onofared 
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solid was observed). A solution of (iS)"/75-ortAo-bis(dichlorophosphino)-[2.2]-p- 
cyclophane 4d (210 mg, 0.5 mmol) in anhydrous THF (8 mL) was added to the previous 
suspension at room temperature. The reaction was stirred for 1 hour, the solvent 
concentrated to dryness under vacuum and anhydrous MeOH was added (5mL), The 
5 resulting suspension was allowed to settle and the supernatant solution was removed . The 
solid was washed with more MeOH following the same procedure (5 mL), then the pale 
yellow solid residue was dried under vacuum (yield not calculated). ^^P NMR (162MHz, 
Cp^: 132.4 ppm. 

Example 15: General procedure for the synthesis of cationic rhodium complexes 6a 
10 ligand 4a (1.05 mmol) and [(COD)2Elh3BF4(l mmol) were dissolved in anhydrous 

DCM (5-10 mL) and the reaction was stirred at room temperature for 2-16 hours. The 
solvent was concentrated under vacuum to about 0, 5 mL and anhydrous EtiO (5- 1 5 mL) 
was added. The resulting yellow suspension was stirred at room temperature for 10-30 
minutes , the solid was allowed to settie and the supernatant solution was removed. The 
15 solid residue was washed following the same procedure with more EtjO (2x 5mL) and 
dried under vacuum. 

NMR (162 MHz, CDCI3): (iS)-6a/ll: 186.3 ppm (d), (5)-6a/12: 177.0 ppm (d), (5)- 
6a/13: 186.1 ppm (d), (iS)-6a/15: 174.3 ppm (d), (iS)-6a/16: 142.0 ppm (d). 
Example 16: Ruthenium complexes 8a 

20 [RuCljCgHy 2 (0.06 mmol) and ligand 4a (0, 1 1 mmol) were placed in a dry Schlenk 

flask under a nitrogen atmosphere. To the solids was added dry degassed DMF (1 mL) and 
the reaction vessel was evacuated and then repressurised with nitrogen gas. This was 
repeated four times. The Schlenk flask containing the heterogeneous mixture was placed 
in an oil bath at 100°C and stirring was applied for 3 .5 hour. The homogeneous mixture 

25 was allowed to cool to room temperature and then (RJi)-DPEN (=l,2-diphenyl-l,2- 
ethanediamine) (0.12 mmol) was added. The mixture was stirred for 66 h at room 
temperature, then evaporated under high vacuum providing a solid. This was washed with 
dichlormethane (3 mL) and the solvent was evaporated. This process was repeated 
providing a tan-brown coloured powder. 

30 '^P NMR (162 MHz, CDCI3): (iS)-8a/ll: 222,4 ppm; (5)-8a/13: 223.5 ppm. 
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Bvam plRs 17 to 20 

All hydrogenations were carried out in a 50 mL Parr hydrogenation vessel 
equipped with an injection port with a rubber septum for the addition of the solvent using 
a syringe, a pressure gauge, a tightly fitting removable internal glass liner, a magnetic 
5 stirringbar.HPIXJgradesolveirtswaredegassedpriortotheusebybubblingnitrogenfor 

at least 30 minutes. 

Substrate (2 mmol) and catalyst 6a (0.002 mmol) were placed in the 
hydrogenatioii vessel that was subsequently closed and flushed with nitrogen. The 
vessel was purged with hydrogen by pressurising to 5 bar and then releasing the 

10 pressure. This procedure was repeated at least four times. The solvent (5 mL) was 
added through the injection port and the reaction was purged again widi hydrogen. It 
was then pressurised to 3.5 bar and stirred at room temperature. The reaction was 
stopped when no more hydrogen uptake was detected on the pressure gauge. A crude 
• reaction sample was diluted in MTBE and analysed by GC (DexCB chiral column, the 

15 free acid was derivatised by adding an excess of trimethylsilyl diazomethane) for 
conversion and selectivity. 

Tiv^m plft 17! Hvdrogp natinn of methvl nr^amidoacrYlatg 



COCR' 

NHAc 



[(4a)Rh(COD)]BF4 0.1% 



RT,3.5barH2 



COCR' 



NEIAb 



20 



Catalyst 


Diol component 
of the ligand 


Solvent 


Time(h) 


Conv. 

(%) 


Ee 

(%) 


(5)-6a/ll 


biphenol 


MeOH 


0.5 


>99 


89(5) 


(S)-6sUl3 


(i?)-BINOL 


MeOH 


0.5 


>99 


99(5) 


(S)-6a/U 


(5)-BIN0L 


MeOH 


1 


~2 




(S)-6a/n 


f5)-BINOL 


MeOH 


16 


98 


74(5) 


(S)-6si/15 


(i?)-BlPHEN 


MeOH 


21 


25 


46(5) 


(S)-6a/U 


biphenol 


MeOH/H,0 9/1 


3 


>99 


96(5) 


(S)-6a/n 


biphenol 


DCM 


1 


>99 


98(5) 


(S)-6si/ll 


biphenol 


Toluene 


0.5 


>99 


99(5) 




naphthol* 


MeOH 


15 


>99 


37 (i?) 


(5)-6a/21 


naphthol* 


Toluene 


15 


80 


31 (i?) 



25 



30 



■KmoDodeotate compon^ 
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Ryam ple 18: Hydro genation of acetamidoacrvlic acid 



COOH 



((4a)Hb(CX)D)]BF4 0.1% 



NHAc 



RT,3.5barH2 



COOH 



NHAc 



Catalyst 


Diol component 


Solvent 


Time 


Conv. 


Be 




of the ligand 




(h) 




(%) 


(5)-6a/13 


(i?)-BINOL 


MeOH 


0.5 


>99 


97(5) 



10 F.vam ple 19: Hvdrogenation of acetamidocmnamic acid 

[(4a)Rh(COD)]BF4 0. 1% 



COOH 
NHAc 



OOOH 



RT.3.5barH2 



^NHAc 

Ph 



Catalyst 


Diol component 


Solvent 


Time 


Conv. 


Ee 




of the ligand 




(h) 


(%) 


(%) 


(S)-6a/n 


biphenol 


MeOH 


0.5 


>99 


93 


C5)-6a/13 


(iO-BINOL 


MeOH 


0.5 


>99 


99 



15 



20 



P-Yample 20: Hvdrogeaation of r nt^thyl ^t^midncinnamate 



COOCH3 

^S^^NHAc 



[(4a)Rh(OOD)]BF4 0. 1% 
RT,3.5barH2 



C00CH3 
^ ^NHAc 



Catalyst 


Diol component 


Solvent 


Time 


Conv. 


Ee 




of the ligand 




(h) 


(%) 


(%) 


(5)-6a/ll 


biphenol 


MeOH 


0.5 


>99 


95(5) 


(5)-6aA3 


(/?>BINOL 


MeOH 


0.5 


>99 


97(5) 


(S)-6a/13 


(/?)-BINOL 


. tohiene 


2 


>99 


99(5) 



25 



wo 02/057278 



PCT/GB02/00219 



17 

p^,^p.o 0 1 ■ TTyr^rn f^enation Of r ^>>th Yi ...Pt.Tnidocinnamate at reduced r^talyst loadings 
Substrate (10 mmol) and catalyst 6a (0.002 mmol) were placed in the 
hydrogenation vessel that was subsequently closed and purged with nitrogen by 
pressurising to 5 bar and releasing the pressure. Tbe procedure was repeated three 
5 times. The vessel was subsequently purged with hydrogen by pressurising to 5 bar and 
thenreleasingthepressure. This procedure was repeated at least four times. The solvent 
(5 mL) was added through the injection port and the reaction was purged again with 
hydrogen. It was then pressurised to 5 bar and stirred at room temperature. The 
reaction was refiUed with hydrogen in order to maintain the pressure between5and3.5 

10 bar. The reaction was stopped when no more hydrogen uptake was detected on the 
pressure gauge. A crude reaction sample was diluted in MTBE and analysed by 
NMR for conversion and by GC (DexCB chiral column) for selectivity. 



COOCH3 
NHAc 



Ph 



[(4a)Rh(COD)]BF40.02% 



RT,3.5barH2 



COOCH3 
NHAc 



1^ 



15 



Catalyst 


Did component 


Solvent 


Time 


Conv. 


Ee 




of the ligand 




(h) 


(%) 


(%) 


(5)-6a/ll 


biphenol 


MeOH 


0.5 


>99 


95(5) 


(5)-6a/13 


(iiVBINOL 


MeOH 


0.5 


>99 


98.5 iS) 



Tf^am p1f> 9.9.- inline hvdrnpenation with catalyst 8a 

20 iV-(l.Phenylethylidene)anUine (1 mmol) and tiie catalyst were placed in the 

hydrogenation vessel that was subsequently closed and flushed witii nitrogen. The 
vessel was purged with hydrogen by pressurising to 20 bar and then releasing the 
pressure. This procedure was repeated at least four times. 2-Propanol(4mL) was added 
through the injection port and the reaction was purged again with hydrogen five times. 

25 The pressure was released and 1 M potassium fert-butoxide m fe/f-butanol (0. 1 mmol) 
was added and the reaction was purged again with hydrogen four times. The reaction 
was pressurised to 15 bar and stined at 65°C for 20.5 h. A crude reaction sample was 
diluted in acetone and analysed by GC (DexCB chiral column) for conversion and 
selectivity. 
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(4a)RuCl2(iy?)DPEN 



65°C, H2, 2-propanol, potassium tert-butaxide 



Catalyst 


Diol 


Equivalents 


Pressure 


Time 


Conv. 


Ee 


(amount) 


component 


/-BuOK 


(bar) 


(h) 


(%) 


(%) 




oftbeligand 












(SySa/ll (1%) 


biphenol 


0.1 


15 


20.5 


88 


62 


(5)-8a/ll (1%) 


biphenol 


1 


15 


20 


91 


64 


(5)-8a/ll (0.1%) 


biphenol 


0.1 


20 


69 


100 


72 



10 Example 23: fiyt-p5-oyY/?o>Diphosphino-[2.2]"j?-cvclophane 1 

Method A: A 1 OOmL Schlenck flask equipped with a stirring bar was dried with heating 
and then filled with nitrogen. To this was added (iS)-p5-o/t/?o-bis(dichlorophdsphino)- 
[2.2]-/7-cyclophane (4d, Example 4: 300mg, 0.75g) and dry, degassed toluene (4mL). The 
resulting solution was put in an oil bath at SO'^C and allowed to stabilize at that 

15 temperature for 5 mia A solution of Red-Al (65%wt solution in toluene, 1.9 mL, 8.0 
mmol) was added over 2 min. The solution, which rapidly turned red, was well stirred for 
2hrs. After cooling down to room temperature, aqueous hydrochloric acid (2M, 5mL) was 
slowly added, whereby vigorous gas evolution was observed. The upper, organic layer was 
transferred via cannula to a similarly dried 1 OOmL Schlenck flask equipped with a stirring 

20 bar. The aqueous phase is fiirther extracted with toluene (2 x 4niL) and transferred to the 
second Schlenck flask. The mixed organic layers are evaporated to dryness under reduced 
pressure with gentle heating to furnish a yellow oil comprising mainly the desired product; 
'HNMR(400MHz, CfiDg): 2.3-2.7 (m, 3H); 3.0-3.1 (m, IH); 3.55 and3.75 (2d, V=200, 
V= 12.6, 2H); 6.7-7.0 (m, 3H); '^P NMR (162 MHz, C^^: -1 13.4 (t of d, V = 200, V 

25 = 7.9). 

Method B: A solution of /75-or2/ro-bis(dichlorophosphino)-[2,2]-/7-paracyclophane 
(4d, 1 .5 g, 3 .65 mmol) in anlqrdrous TEDF (6 mL) was cooled to 0°C. A solution ofLiAlH4 
in EtjO (IM, 30 mL, 30 mmol) was added at 0*C and the reaction mixture was stirred for 
30 hours and allowed to reach room temperature during this tune. It was then cooled again 
30 to 0°C and degassed HjO (3 mL) was added dropwise over 1 hour. The reaction mixture 
was evaporated to dryness under reduced pressure and the solid residue triturated with 
CH2CI2, 5 mL X 3). The solvent was removed under reduced pressure to give the product 
as a ydlow solid (0.76 g, 76% yield). 
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CLAIMS 

1 . A compound of general formula 4 




wherein each of W, X, Y and Z is any substituent where a heteroatom is bonded to 
phosphorus, optionally linked in pairs X/Y and ZAV to form a ring, or W=X=Y=Z=H. 
10 2. A compound according to claim 1 , wherein the pair of substituents X/Y is the same 
as pair ZAV. 

3. A compound according to claim 1 or claim 2, wherein W, X, Y and Z each include 
a heteroatom selected from halogen, nitrogen, oxygen or sulphur. 

4. A compound according to claim 3, wherein the heteroatom is oxygen, 

15 5 . A compound according to claim 4, wherein the pairs of substituents X/Y and Z/W 
are each the conjugate base of a diol 

6. A compound according to claim 3, wherein the heteroatom is mtrogen. 

7. A compound according to claim 6, wherein the pairs of substituents X/Y and Z/W 
are each the conjugate base of a primary or secondary diamine. 

20 8. A compound according to claim 3, wherem in each pair of substituents X/Y and 
Z/W the heteroatoms are oxygen and nitrogen. 

9. A compound according to claim 8, wherem the pairs of substituents X/Y and Z/W 
are each the conjugate base of an aminoalcohol 

10. A compound according to any preceding cldm, which is chiral and 
25 enantiomerically enriched. 

11. A compound according to claun 5, wherein the diol is an enantiomerically enriched 

chiral diol. 

12. A compound according to claim 1 1, wherein the chiral diol is a biaryl diol with 
axial chirality. 

30 13. A compound according to claim 9, wherein the diamine is an enantiomerically 
enriched chiral primary or secondary diamine. 

14. Acompoimdaccordingtoclaim9, wherein the aminoalcohol is an enantiomerically 
enriched chiral aminoalcohol. 
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15. A compound according to any of claims 10 to 14, wherein the ee is at least 80%. 

16. A compoxmd according to claim 15, wherein the ee is at least 90%. 

17. A compound according to claim 5, wherein the diol is achiral. 

18. A compound according to claim 1, wherein X=Y=Z=W=CL 

5 19. A compound according to claim 1, which is /?5-ortAo-diphosphino-[2.2]-/7- 
cyclophane (1) 



10 




20. The compound according to claim 19, in enantiomerically enriched form. 
15 21. The compound according to claim 20, in at least 80% ee. 

22. The compound according to claim 20, in at least 95% ee. 

23. Use of a compound according to any of claims 19 to 22, for the preparation of a 
cUral ligand (2) or (3) 




wherein and represent H or alkyl and n is 1 (2) or 2 (3). 
24. A complex of an enantiomerically enriched compound according to any of claims 
10 to 17, a transition metal, and any other neutral ligand and coxmterion necessary to 
complete the coordination sphere of the metal. 
30 25. A complex according to claim 24, wherein the transition metal is rhodium, iridium 
or ruthenium. 
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26. A«>mplexaccordiBgtocla3m24orclaim25,wherdntheUgandisasd^ 

anyofdaimsS, llandl2. ^ . ^- 

27. Acompl««»»nBng«d*«24arckta25.«tar»toBgand:sasd.fin=^ 

anyofdaims6,7andl3. 

J- 04 nr claim 25 whereto the ligand is as defined in 

5 28. A complex according to claim 24 or Claim za.wuwc 

any of claims 8, 9 and 14. 

29. A complex accordmg to clami 26, of the formula 

[(ligand)(diene)metai]Q 

andQisBF, 

31. A CO] 

15 andQisBF*- 

32. A complex accordmg to dami 26. of the formula 



Iplex accordmg to clatoi29. whereto themetal is iridium, the diene is COD. 



[(ligand)(diamine)metal(hal)2] 

20 therein is n« ha. is . halogen .ton, »d divine, is .n 

enantiomericanymricliedoliiraldimiine. 

33 Amea.odforthepreparationof.con>pound»=cordingtoanyotda»m5.11.^ 
.ndRvWcl, comprise reaotingacon>pound.ccoriing.odsin,3wiU.fl» 00*^^^ 

base of an alcohol or a diol. ^ - j 

A mettod for tl>e preparation of a compound according ,0 any of ctams 6, 7 »»i 
,3, «lnchconvrisesreac.ingacon>p»«d according to daim3™.l..taco^ 

of an amine or diamine. 

35 AmrthodforllKprcparationofacompoundaccordingtoanyot danns8,9and 
14;wUchcon.prisesre.cang.comp«.»i.=co,*««cl.im3with,hc conjugate base 

30 of anaminoalcohol; 

3«. us.ofacompl«.according«>anyofdai«s24«>32.toca.an^anasyn»nemc 

process. 



25- 34. 
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37. Use according to claim 36, wherein the asymmetric process is hydrogenation. 
3 8 . Use according to claim 3 7, wherein the hydrogenation is of a C=C, C=N or C=0 
double bond. 

39. Use according to claim 37, wherein the complex is according to claim 25. 
5 40. Use according to claim 39, wherein the complex is according to claim 29. 

41 . Use according to claim 37, wherem the hydrogenation is of a C=N or C=0 double 
bond and the complex is according to claim 32. 

42. Use according to claim 36, wherein the asymmetric process is hydroformylation. 
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